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Increasing efficiency is a continuing goal for all forms of power generation
from conventional fossil fuels to new renewable sources. However, increasing
the process temperature to increase efficiency leads to faster degradation rates
and more components with corrosion-limited lifetimes. At the highest tem-
peratures, oxidation-resistant alumina-forming alloys and coatings are nee-
ded for maximum lifetimes. However, lifetime models accurate over the
extended application durations are not currently available for a wide range of
candidates and conditions. Increased mechanistic understanding and relevant
long-term data sets will assist in model development and validation. Current
progress is outlined for applying a reservoir-type model to Fe-base alloys and
coatings. However, more work is needed to understand environmental effects,
such as the presence of H2O, and to extend the current model to NiCrAl and
NiCr alloys. As the critical performance factors are better understood, it will
be easier to evaluate new materials in laboratory screening experiments.
HIGHER TEMPERATURES: WHAT IS
THE PROBLEM?
Increased efficiency is a continuing goal for pro-
pulsion or power generation whether it is fossil
energy, nuclear power, or transportation because it
lowers costs, fuel consumption, and specific emis-
sions. The predominant strategy for increasing effi-
ciency is higher process operating temperatures,
leading to faster degradation rates and, in many
cases, component lifetime limited by corrosion. At the
same time that temperatures are increasing, the duty
life required for components in these systems also is
increasing; for example, 1,000,000 miles for heavy-
duty diesel engines (20000 h), 5-year (40000 h)
turbine overhaul schedules, or 30-year power plant
lifetimes (100000 h hot time for concentrated solar
power).1 Design and materials selection for these
systems rely on accurate lifetime models to predict
performance. While sometimes a quick calculation
based on linear or parabolic reaction kinetics can
provide guidance, often this approach is inadequate
and/or there are limited data sets with the correct
information on candidate alloys. Also, as the temper-
ature increases, the number of candidate materials
decreases rapidly. Iron-base alloys generally lose
strength by 600C for ferritic–martensitic steels and
700C for austenitic steels.1 Only a select group of
alloys can operate for extended periods above 1000C
due to oxidation resistance limitations. Simply mak-
ing parts thicker to accommodate the decrease in
high-temperature strength or loss due to the envi-
ronment is not realistic from the standpoint of cost,
weight (especially in the case of transportation), and
thermal fatigue. For example, the minimum 100-kh
creep rupture life at 100 MPa criteria for boiler
materials is based on experience with fatigue crack-
ing of thick-walled tubing/piping.2 Figure 13–5 gives
an example of oxidation limitations at 1100C com-
paring chromia-forming Haynes International alloy
HR230 (Ni-27Cr-4W-0.004La, all compositions given
in at.%) and alumina-forming oxide-dispersion-
strengthened (ODS) alloy MA956 (Fe-20Cr-9Al-0.4Ti-
0.2Y) formerly produced by Special Metals Corpora-
tion (Huntington, WV). As a function of specimen
thickness, the 230 specimens showed a limited benefit
of increasing specimen thickness (i.e., component
wall thickness) on the time to where a dramatic in-
crease in the total mass gain (specimen + spalled
oxide) was observed, while the MA956 specimens
showed a large increase in the time to breakaway
oxidation (FeOx formation) with increasing speci-
men thickness. For a heat exchanger with a 40-kh
lifetime goal for a component at1100C,3 MA956 or
another alumina-forming alloy appears to be a much
better candidate.
Despite the relatively small number of candidates
for the highest temperature applications, there are
limited data available about their performance.
Unlike mechanical properties where Larson–Miller
plots can provide some indication of creep rupture
lifetimes across a range of times and temperatures,
there are no comparable parameters for high-tem-
perature oxidation resistance. The alloy selection
system for elevated temperatures (ASSET) database
is very useful for conventional alloys, especially in
mixed gas environments, but it has less data avail-
able over 1000C and for alumina-forming alloys.6
Even if a broader database existed, new applications
often come with new requirements or new environ-
ments that can significantly affect performance. A
seemingly simple change such as the addition of
water vapor (found in all combustion environments)
is still not fully understood in terms of its impact on
materials performance at high temperatures.5,7
With the increasing requirements and service
parameters, it is simply not possible to investigate
every material in every condition to the degree nec-
essary. Thus, there is a growing need for accurate
lifetime models to predict component lifetimes as a
function of temperature, thickness, etc. Such models
need to be based on fundamental mechanistic
understanding (when available) of the degradation
mechanisms and require long-term data for valida-
tion. Examples of progress are shown for (1) Fe-base
alumina-forming alloys and coatings, (2) thin-walled
austenitic steels, and (3) the effect of environment on
lifetime. However, these results also make it clear
that there is incomplete mechanistic understanding
and critical data gaps for other groups of materials
such as NiCrAl- and NiCr-based alloys.
LIFETIME MODELING: WHERE ARE WE
NOW?
The reservoir model8 for alumina-forming alloys
equates Al consumption to form alumina and supply
of Al in the following alloy:
Aktnb ¼ dq Co  Cbð Þ (1)
where A is a constant, k is a rate constant, tb is the
time to breakaway, n = 0.5 for parabolic kinetics
and 1 for linear kinetics, d is the specimen thick-
ness, q is the alloy density, Co is the starting Al
content in the alloy, and Cb is the Al content where
the material can no longer form a protective alu-
mina scale and the metal is rapidly consumed by
FeOx formation, i.e., breakaway oxidation. For
MA956, Fig. 1 illustrates that increasing specimen
thickness (d) increased tb, and from these results,
the exponent n can be determined from Eq. 1. While
n may be 0.5 or even 0.3 (cubic kinetics) for thin-
walled FeCrAl foils with no scale spallation,9 scale
spallation dominates for thicker-walled components
and n  1.10–12 The reservoir model assumes that
(1) Al diffusion is sufficiently fast that Al gradients
in the metal can be ignored and (2) the oxidation
rate can be adequately captured by the constants
k and n.8 For chromia-forming alloys, Cr concen-
tration gradients in the metal (especially austenitic
alloys) generally have to be considered, making for a
more complex analysis,13,14 although a simplified
approach has recently been proposed for thin-walled
components.15 However, the reservoir model may be
applicable to ferritic Fe-Cr alloys where Cr diffusion
is faster.16
Using time to breakaway (tb) is convenient
because it is an absolute comparison rather than
more arbitrary assessments of scale spallation or
mass change (Fig. 2b shows a portion of an MA956
coupon converted to FeOx at breakaway). Measur-
ing tb can be used to assess the effect of temperature
and cycle frequency (time between cooling to room
temperature) on lifetime for an alloy like MA956
(Fig. 2a which includes the 1100C results from
Fig. 1). As expected, lower temperatures led to a
significant increase in tb. Increasing the number of
thermal cycles (i.e., increasing the cycle frequency)
at 1200C increased scale spallation leading to fas-
ter consumption of the alloy Al reservoir and shorter
lifetimes. For MA956, increasing the cycle fre-
quency from 100 h to 1 h was equivalent to a 50C
temperature increase. For the concentrated solar
power application, a new data set was added for
10-h cycles (Fig. 2a). Initially, 10-h cycles were
assumed to lie between lifetimes for 1-h and 100-h
cycles (dotted line). The actual failures were much
Fig. 1. Time to accelerated attack as a function of specimen thick-
ness for NiCrW alloy 230 and ODS FeCrAl alloy MA956 for exposure
in 100-h cycles at 1100C in laboratory air. For MA956, the time is for
the onset of Fe-rich oxide formation and increases significantly with
thickness. For 230, the times are to total mass gains of 20–40 mg/
cm2. Values of n are given for Eq. 1. Adapted from Refs. 3 through 5.
closer than expected to the 100-h cycle lifetimes,
especially for thinner specimens.
The data in Fig. 2a can be used to develop k as a
function of temperature so that lifetimes can be
predicted over a range of temperatures. However,
the times required to generate data sets shown in
Fig. 2a are still substantial, especially for more
oxidation resistant alloys than MA956. Therefore,
an additional methodology was developed based on
Eq. 1. Figure 3a plots the change in alloy Al content
as a function of exposure time starting with C0 at
t = 0 and the curve for each material ending at time
tb and Al content Cb. The exposure times were
normalized for a 1.5 mm specimen thickness. These
data for a number of Fe-base alumina-forming
materials confirmed that the bulk Al content in the
alloy dropped at a nearly linear rate when individ-
ual specimens were stopped and characterized by
electron microprobe analysis (EPMA) at different
times before breakaway at 1200C in 1-h cycles.12
This type of plot shows the value of Cb for wrought
FeCrAlY (Fe-20Cr-10Al-0.08Y) as 0 and for Fe-Al
alloys as 10%.17 Recent data for dispersion-
strengthened MA956 showed the same trend but
with a Cb value of 1.7% Al for failure in dry O2,
similar to previously determined Cb values.
8,18–20
The slope of the line shows the rate at which Al is
being consumed from the various alloys; MA956 has
one of the faster rates due to scale spallation.
Based on the results in Fig. 3a, similar Al content
studies performed at 1100C with 100-h cycles in
laboratory air could be used to predict longer lifetimes
(Fig. 3b). Several specimens were exposed for
10–50 kh, but only the alloys with the lowest oxidation
resistance reached failure. This type of plot clearly
shows that MA956 lifetime was improved by the
higher Al content in the MA956HT (Fe-22Cr-11Al-
0.4Ti-0.2Y) alloy modification but did not reach the
lifetime of Plansee ODS alloy PM2000 (Fe-20Cr-11Al-
0.4Ti-0.2Y). Also, wrought FeCrAlY has a signifi-
cantly longer lifetime than the ODS FeCrAl alloys
because of less spallation and, therefore, a slower Al
consumption. In comparison, the results for Fe3Al-
based alloys suggest its larger Al reservoir leads to
much longer lifetimes at 1100C, while the benefit of a
high starting Al content was not as great at 1200C. At
1200C, Y-doped Fe-18Al showed a long lifetime by
avoiding the high thermal expansion of the interme-
tallic Fe-Al phases and their higher scale spallation.11
While publicly available data are still sparse for this
type of work, by establishing the Al consumption rate
at 1100C and assuming a similar value of Cb as was
determined at 1200C,17 lifetimes over 100 kh can be
assumed for 1.5 mm thick FeCrAlY and iron alumi-
nides.
For Al-rich coatings on Fe-base substrates, a
similar reservoir type model can be used. However,
in the case of a coating, the primary loss of Al is
interdiffusion with the substrate so the rate of Al
interdiffusion affects lifetime. There are several
coating interdiffusion models available; see, for
example, Refs. 21 and 22; however, diffusion data
are lacking for most coating/alloy systems, as are
the Cb values that define the end of life. For Al-rich
coatings on ferritic–martensitic Grade 91 (Fe-9Cr-
0.6Mo) steel, extensive work was performed on
model coatings made by chemical vapor deposition
to study diffusion rates at 500–800C and determine
Cb.
23,24 Predictions from the resulting lifetime
model are shown in Fig. 4 for two different coating
Fig. 2. (a) Time to breakaway oxidation (i.e., Fe-rich oxide formation) as a function of initial specimen thickness for ODS FeCrAl alloy MA956
under various cyclic conditions. Adapted from Refs. 4, 11, and 12. (b) 1.5 mm thick MA956 specimen cycled to breakaway oxidation after 1800
1-h cycles in dry O2 at 1200C, showing the thick Fe-rich oxide formation
thicknesses and two different exposure tempera-
tures. The 50-lm thick coatings had a starting
surface Al content of 18 at.%, while the 280-lm
coatings had 26% Al at the surface. For sulfur-
containing environments, Cb was assumed to be
20% Al23 (Fig. 4); therefore, only the thicker coat-
ings were applicable. However, the thinner coatings
were protective in steam or wet air. For model
development purposes, it was initially assumed that
the surface Al content could not drop below 8% Al,
but failures at 700C and 800C showed the
remaining Al content at the surface was 3.4%
at 700C (star in Fig. 4) and <1% at 800C.
These temperatures are higher than application
temperatures for Grade 91 but were needed to
accelerate the degradation rate. No failures to
determine Cb were obtained for exposures at 650C
up to 20 kh, and the thicker coatings were stopped
after 20 kh at 700C (noted in Fig. 4) when the
predictions showed significantly longer lifetimes.
The few available data points also have the error
associated with variations in the starting coating
thickness and Al content.
The coating failure shown in Fig. 4 was obtained
by testing the coated specimen in air with 10% H2O
such that when the coating ‘‘failed,’’ the steel
Fig. 3. Change in Al content as a function of normalized exposure time for various alumina-forming alloys (a) in 1-h cycles at 1200C in dry O2
and (b) in 100-h cycles at 1100C in laboratory air. Adapted from Ref. 12.
substrate was rapidly attacked by the environment.
This ‘‘wet air’’ environment has been used as a
surrogate for combustion gas in turbines and
reciprocating engines where water vapor is present
and detrimentally affects the oxidation behavior.5,7
Alumina-forming alloys are generally thought to be
resistant to the presence of water vapor due to the
high thermodynamic stability of a-Al2O3 compared
to other thermally grown oxides.25 For alloys form-
ing Cr2O3, the presence of water vapor and oxygen
can result in greatly accelerated oxidation, espe-
cially for Fe-base alloys. Even for the most protec-
tive alloys, this environment results in the formation
of volatile CrO2(OH)2 above 600C.26,27 At long
exposure times, the resulting paralinear kinetics
associated with oxide growth and evaporation should
lead to linear Cr loss rates, which are particularly
significant for thin-walled heat exchangers (e.g.,
primary surface recuperators for small turbines)
where the Cr reservoir is relatively small in a 80- to
100-lm thick foil.28 While it has been possible to
demonstrate linear Cr loss rates at 800C in labora-
tory experiments, validating this mechanism at
lower temperatures has been more difficult. Figure 5
shows the Cr loss from 90-lm HR120 (35Fe-35Ni-
26Cr-0.4Nb) foil as a function of exposure time in dry
and wet air and exhaust gas. The Cr loss is the
average of three EPMA profiles across the foil. Both
Cr depletion profiles and thickness loss need to be
quantified. At 800C, the addition of water vapor
almost doubled the rate of Cr loss from the foil, and
the specimen could not reach 10 kh exposure without
accelerated attack, let alone the recuperator lifetime
goal of 40 kh. However, at lower temperatures closer
to the application temperature, the scatter in the
data was significant at the longer exposure times,
and there is still some question about applying linear
kinetics for extremely long exposure times. An alu-
mina-forming austenitic (AFA) steel (Fe-24Ni-15Cr-
7Al-2Mn-1.5Nb-1Mo-0.3W) was developed for this
application with sufficient creep strength for the
recuperator application while retaining the
enhanced oxidation resistance associated with an
alumina scale.29 Even after 10 kh exposure at 800C
in wet air, 100-lm AFA foil showed little degradation
with an Al-rich oxide scale only a few micron thick.
While studies have been conducted on the water
vapor effect on the growth and adhesion of alumina
scales,30–32 there were no data on its effect on tb.
Figure 6 shows the current status of an ongoing
study33 to evaluate tb in different environments at
1200C for MA956 and PM2000, which has signifi-
cantly better oxidation resistance than MA956 (see
also Fig. 3b). For both alloys, tb dropped signifi-
cantly for wet air compared to dry O2. (To resolve
the role of N2 in air, a current group of MA956
specimens is running in dry air showing very
similar lifetimes as dry O2.) Clearly, there is a
significant effect of adding water vapor, and the
lifetimes predicted in Fig. 3b need to be reconsid-
ered in light of these results. Surprisingly, a
combination of buffered CO2 and H2O (50%H2O-
50%(CO2-0.15%O2)) did not cause as large a drop in
tb as wet air (Fig. 6a). For PM2000, that experiment
is still in progress with only the thinnest specimens
failed (Fig. 6b). Initial work also is being conducted
to understand if the drop in lifetime due to the
presence of water vapor is caused by an increase in
Cb or k.
33 Initial results in Fig. 3a for MA956 show
no change in Al consumption after 500 h in wet air
Fig. 5. Electron microprobe measured Cr loss from 80 to 90-lm foil
specimens of alloy 120 exposed in laboratory air and wet air exper-
iments at 650C to 800C and to microturbine exhaust at 720C. A
40-kh lifetime is shown for reference. Adapted from Ref. 29.
Fig. 4. Predicted coating lifetime as a function of the critical Al
content on Gr.91 steels at coating failure for two different coating
thicknesses and exposure temperatures. Experimental data points
are shown as failure at 700C (star) and surface coating content at
20 kh (diamond).
(suggesting no change in k) but a much higher Cb
value at failure in water vapor.
For alloy development, one of the lessons learned
from the environmental work is that, rather than
collecting extensive data in laboratory air or dry O2,
a better starting point for screening of oxidation
resistance is wet air. Figure 7 shows mass change
data in 1-h cycles at 1000C in wet air (10% H2O).
Two model MCrAlYHf (Fe/Ni-20Cr-9Al-0.03Hf-
0.01Y) alloys showed comparable resistance to com-
mercial alloys APMT (Fe-21Cr-10Al-2Mo-1Si-0.
1Y-0.07Hf-0.06Zr) from Kanthal and NiCrAl alloy
214 (Ni-17Cr-9Al-3Fe) with low mass changes
observed. In contrast, two new alloys, HR224 (Ni-
28Fe-21Cr-7Al-0.4Ti) and Fe-based AFA, showed
more spallation and, especially for AFA, rapid attack
in these conditions. Even an increased Al (8.3%) level
in AFA had a minimal effect at 1000C.34 Thus, AFA
performance at 1000C suggests it is limited to 900–
950C, and prior work on similar compositions in dry
O2 did not identify this limitation for austenitic alu-
mina-forming steels.35 It appears mixed Fe-Ni alloys
(e.g., AFA and 224) do not perform as well as simpler
FeCrAl or NiCrAl compositions, but the reason for
this effect is not clear.
FUTURE WORK: WHAT IS NEEDED?
While frameworks have been suggested for pre-
dicting long-term oxidation resistance of alloys and
coatings, the methodologies have not been thor-
oughly evaluated and tested. In many cases,
attempting to predict lifetime revealed the limits of
understanding. In Fig. 2, the 10-h cycles were con-
ducted to simulate the concentrated solar power
application, but the initial estimate (guess) of the
effect on tb relative to 100-h and 1-h cycles was not
accurate. Furthermore, while it is attractive to only
test thin specimens to minimize the experimental
time, the dashed lines near the 10-h data set show
lifetime predictions based on only the initial failures
of the thinnest specimens in 10-h cycles. Of course,
even thicker (>2 mm) specimens could further
deviate from the predicted curve; thus, extrapolation
of the current results is an issue. Gradients in Al do
develop in thicker specimens,17,33 which may reduce
tb, effectively making Cb dependent on thickness. A
similar issue exists for coatings, where long coat-
ing lifetimes are desired for applications, but few
Fig. 7. Specimen mass change during 1-h cycles at 1000C in wet
air (10% H2O) for several commercial and experimental alumina-
forming alloys.
Fig. 6. Time to breakaway as a function of initial specimen thickness
comparing dry O2, dry air, air with 10% H2O, and H2O-
50%(CO2 + 0.15%O2) for ODS FeCrAl alloys (a) MA956 and
(b) PM2000. In all cases, the specimens are cooled in laboratory air.
Adapted from Refs. 5 and 33.
long-term exposures have been conducted to validate
the coating oxidation and substrate interdiffusion
model (COSIM)-based lifetime model (Fig. 4).
A better understanding of the failure criteria, espe-
cially the effect of temperature and environment on
Cb, will greatly increase confidence in the model
predictions.
Another current limitation is that most of the
data presented are for FeCrAl and Fe-Al alloys and
coatings. However, Ni-base alloys are often more
likely candidates for high-temperature applications
because of their creep strength. Attempts to conduct
similar studies on alloys like HR214 and the newer
HR224 have met with problems. HR214 showed
only a weak thickness effect at 1200C,4,17 and
HR224 is not recommended for use above 1000C
and quickly showed large mass losses at 1200C.5
Initially, alloy 214 was included in the 1100C life-
time study, and one data point is shown in Fig. 3b.
Consistent with the low mass change, the bulk Al
depletion was minimal after 10 kh exposure. How-
ever, the minimum surface Al content in the com-
position profiles was 6.9%, and using this value
leads to a significantly lower lifetime prediction
(Fig. 3b). Another issue is the lack of a Cb value for
NiCrAl-type compositions. The only specimens
taken to tb at 1100C were 60-lm foil, and the Cb = 0
in that case17 is not likely to be relevant for thicker
specimens. A similar situation exists for NiCr
alloys. A different analysis is needed for the for-
mation of Cr gradients (e.g., Ref. 15), but no mech-
anistic explanation has been developed yet for the
results in Fig. 1. Perhaps at lower temperatures, a
different thickness-failure relationship would be
observed for NiCr alloys. The behavior of alloy 230
at 1100C was similar to alloy 214 at 1200C.4,17
Clearly, there is a great deal of work to be done
before a comprehensive mechanistic model will be
available to readily assist in design and materials
selection for the next generation of high-tempera-
ture power generation systems. More progress will
come as the current concepts are implemented in
real-life predictions and mechanistic studies con-
tinue to improve our understanding of issues such
as cycle frequency, multiple oxidants (CO2, H2O,
etc.), and composition effects on high-temperature
oxidation behavior.
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